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We revisit the Fermi two-atoms problem in the framework of disordered systems. In our model
we consider a two-qubits system linearly coupled with a quantum massless scalar field. We analyze
the energy transfer between the qubits under different experimental perspectives. In addition,
we assume that the coefficients of the Klein-Gordon equation are random functions of the spatial
coordinates. The disordered medium is modeled by a centered, stationary and Gaussian process.
We demonstrate that the classical notion of causality emerges only in the wave zone in the presence
of random fluctuations of the light cone. Possible repercussions are discussed.
Introduction.—Causality is the most essential relation-
ship underlying any natural process. The notion of
causality in physics arises prominently in several circum-
stances. For relativistic quantum fields, microcausality is
the spacelike local commutativity or anticommutativity
of fields. A well known example concerning macrocausal-
ity is closely related to the Fermi model for propagation
of light in quantum electrodynamics [1]. With such a
model Fermi proposes the inspection of the radiative pro-
cesses of two localized quantum systems interacting with
a quantum field. These localized systems consist of two
two-level atoms separated by some spatial distance r. In
order to address the issue of causality within this con-
text, Fermi discusses the following gedanken experiment.
Consider that, at an arbitrary initial time τ0, atom 1 is in
the excited state, whereas atom 2 is in the ground state,
and both are coupled with a quantum field prepared in
the Minkowski vacuum state. Under certain approxima-
tions, Fermi argues that the probability for the atom 2
to be excited (with the field remaining in the vacuum
state) remains zero until a time τ is reached such that
τ − τ0 ≥ r. We remark that this simple model enables
one to investigate causality at the microscopic level.
The Fermi’s two-atoms system has been discussed in
detail in many works [2–7]. Notwithstanding, the emer-
gence of some questions regarding Fermi’s calculation re-
veals that a more careful consideration of the model could
be required. This is important in order to avoid an in-
accurate description of the interplay between causal sig-
naling and quantum non-local phenomena. The contro-
versy is justified on the grounds that Fermi’s conclusion
could be incorrect due to an apparent artificial approx-
imation carried out by him [8], among other issues [9].
The situation was soon clarified and it was realized that
there were no causality problems within the Fermi set
up, as long as a proper analysis is undertaken. See for
instance Refs. [10–13]. For more recent discussions and
new trends concerning the Fermi problem, we refer the
reader the Refs. [14–20].
On the other hand, since the concept of causality is
intimately connected with the existence of light cones in
the construction of the special relativity, it is not clear
how to discuss causality in physical processes when the
structure of the light cones is altered. This takes place
whenever one allows for the presence of quantum fluc-
tuations of the spacetime. Such quantum effects are ex-
pected to arise in any quantum theory of gravity. Hence
a comprehensive and thorough account of quantum met-
ric fluctuations would demand a full quantum theory of
gravity. Nevertheless, it is still possible to discuss low-
energy quantum gravitational effects within an effective-
field-theory approach [21, 22]. On the other hand, one
may resort to simplified models which would reproduce
the quantum fluctuations of the light cone [23–29].
In this article we propose to investigate how the con-
cept of causality may be disturbed in the presence of
light-cone fluctuations. Here we consider that such fluc-
tuations can be treated classically and the effects on the
propagation of quantum fields can be described in the
context of random differential equations [30, 31]. We
remark that the propagation of acoustic excitations in
random media can be envisaged as an analog model for
quantum gravity effects [32–34]. In turn, within this sce-
nario one may also depart from the inquiry for analog
models of quantum gravity effects and conceive the Fermi
problem in a more general context of disordered media.
To simplify the calculations we assume the units to be
such that ~ = c = kB = 1.
Photodetection and causality in quantum field
theory.—Let us discuss the Fermi problem in a per-
turbative framework. Being more specific, we employ
a time-dependent perturbation theory (within the
interaction picture) in order to evaluate the associated
transition probabilities for a finite time interval [τ0, τ
2For simplicity and without any loss of generality, we
consider two identical static qubits interacting with a
massless scalar field. Since the trajectories are station-
ary, the qubits have stationary states with well defined
energy levels. We are working in four dimensional
Minkowski spacetime. The total Hamiltonian of the
system is given by H = HA + HF + HI , where the
Hamiltonian of the free atomic system is given by
HA =
ω0
2
2∑
j=1
σzj , (1)
where σzj = |ej〉〈ej |−|gj〉〈gj |, j = 1, 2, |g1〉 and |g2〉 being
the ground states of the atoms isolated from each other,
with energies −ω0/2, and |e1〉 and |e2〉 their respective
excited states, with energies ω0/2. The free Hamiltonian
of the massless quantum scalar field is given by
HF =
∫
d3k
(2π)3
ωk a
†
k
(t)ak(t), (2)
where ωk = |k|. The atom-field interaction Hamiltonian
has two local contributions, namely:
HI = λm1(τ)ϕ[x1(τ)] + λm2(τ)ϕ[x2(τ)], (3)
where in the interaction picture one has that mj(τ) =
eiHAτmj(τ0)e
−iHAτ , with mj(τ0) = (i/2)(σ
−
j − σ
+
j ) be-
ing the monopole moment operator of the j-th atom and
σ−j = |gj〉〈ej | and σ
+
j = |ej〉〈gj |. The time evolution of
the system will be described with respect to the proper
time τ of the atoms. We assume that λ≪ 1.
In order to access the modification caused by the fluc-
tuating light cone on transition probabilities, we imple-
ment a perturbation calculation similar to the one dis-
cussed in Refs. [32–34]. Let us consider the following
random massless scalar Klein-Gordon equation[(
1 + µ(r)
) ∂2
∂ t2
−∆
]
ϕ(t, r) = 0, (4)
where ∆ is the three dimensional Laplacian. For µ(r ) we
will take a zero-mean Gaussian random function with a
correlation function given by
〈µ(r )µ(r ′)〉µ = σ
2 δ(3)(r− r ′), (5)
where σ2 quantifies the intensity of random fluctuations.
The symbol 〈 ... 〉µ denotes an average over all possible
realizations of this random variable. Observe that we as-
sume a time-independent random function. Hence, the
random Klein-Gordon equation can be solved within a
perturbation expansion in the noise function. In addi-
tion, note that the Eq. (4) is linear in the field variable.
This means that the corresponding action of the model is
quadratic in the field, resulting in a Gaussian generating
functional. Hence all quantum n-point Green’s functions
of the scalar field can be expressed as products of two-
point Green’s functions. This fact shall be explored in
what follows.
As discussed above, the Fermi problem consists in the
investigation of causality through a detailed analysis of
the energy transfer between a pair of qubits. One as-
sumes that, at the initial time τ0, the system is in the
state |φi〉 = |e1g2〉 ⊗ |0M 〉, where |0M 〉 is the Minkowski
vacuum state of the scalar field. Originally, the issue
of causality within this setup is examined by setting
forth a precise specification of the state of the qubits
and also of the quantum scalar field at a later time τ .
Notwithstanding, several works have shown the impor-
tance of considering more general configurations, see for
instance [12, 13, 20]. Hence we will distinguish three
possible experimental scenarios in the present survey.
The first is similar to the aforementioned circumstance,
namely we calculate the probability of finding the sys-
tem with the atom 2 in the excited state, the atom 1 in
its ground state and also the scalar field in the vacuum
state |0µ〉, at a later time τ . Here |0µ〉 is not the usual
Minkowski state, but rather a modified vacuum state in
the presence of disorder (we also take this to be the initial
state of the field). In the second version of the problem,
the final state of the field is left unspecified: maintaining
the same initial conditions, we evaluate the probability
of finding the atom 2 in the excited state and the atom
1 in its ground state. Finally, in the third situation only
the state of the atom 2 is specified at time τ ; given the
same initial conditions, we discuss the transition proba-
bility associated with the transition g2 → e2. In this way
we intend to provide an answer as complete as possible
for the question of how causality (in the precise sense of
the Fermi problem) is impacted by (random) light-cone
fluctuations in a perturbative framework.
Consider the first situation mentioned above. For a
given realization of the disorder, one obtains that the
transition probability to the final atom-field state |φf 〉 =
|g1e2〉 ⊗ |0µ〉 is given by (up to fourth order in λ)
Pφi→φf (µ) = |〈0µe2g1 | e1g20µ〉|
2
=
λ4
16
∫ τ
τ0
dτ3
∫ τ
τ0
dτ4
∫ τ
τ0
dτ1
∫ τ
τ0
dτ2e
iω0(τ3−τ4)
× e−iω0(τ1−τ2)G∗(τ4, τ3; r)G(τ1, τ2; r), (6)
where G(x(τ), x(τ ′)) = 〈0µ|T
[
ϕ(x(τ))ϕ(x(τ ′))
]
|0µ〉 is
the exact Feynman propagator of the scalar field in the
presence of disorder, r = |x1 − x2| being the spatial sep-
aration between the qubits and T is the Dyson time-
ordering symbol. The Feynman propagator can be writ-
ten as the following series:
G(x, x′) = G0(x− x
′)
+
∞∑
n=1
∫
dz1G0(x− z1)G
(n)(z1, x
′), (7)
3where G0(x − x
′) = G0(t − t
′, |x − x′|) is the Feynman
propagator for the free field [35]
G0(t− t
′, |x− x′|) =
i
4π2
(
1
(t− t′)2 − |x− x′|2
)
−
1
8πr
(t− t′)
|t− t′|
[
δ(|x− x′| − (t− t′))
− δ(|x− x′|+ (t− t′))
]
. (8)
The modification in the Feynman propagator due to the
presence of disorder is systematized in the following term
G(n)(z1, x
′) = (−1)n
n∏
j=1
L1(zj)
∫
dzj+1G0(zj , zj+1), (9)
with L1(x) being the random differential operator
L1(x) = L1(t, r ) = −µ(r )
∂2
∂t2
. (10)
In Eq. (9), it is to be understood that zn+1 = x
′ and that
there is no integration in zn+1. Details on the derivations
of the above expressions can be found in Ref. [33].
Now consider the second foregoing case. Up to fourth
order in λ and for a given realization of the disorder, the
transition probability to the final atom-field state |ψf 〉 =
|g1e2〉 ⊗ |Fµ〉, where |Fµ〉 is a given final state for the
scalar field, reads
Pφi→ψf (µ) =
∑
F
|〈Fe2g1 | e1g20µ〉|
2
=
λ4
16
∫ τ
τ0
dτ3
∫ τ
τ0
dτ4
∫ τ
τ0
dτ1
∫ τ
τ0
dτ2
× eiω0(τ3−τ4)e−iω0(τ1−τ2)
×
[
G∗(τ4, τ3; r)G(τ1, τ2; r)
+ G+(τ4, τ1; r)G
+(τ3, τ2; r)
+ G+(τ4, τ2; 0)G
+(τ3, τ1; 0)
]
, (11)
where completeness relation for the field states was em-
ployed. Actually, strictly speaking Eq. (11) describes the
transition probability of the atomic system to the state
|g1e2〉, that is the whole system in any state of the form
|ψf 〉; this is given by a sum over the probabilities for a
complete set of field states |Fµ〉 which is (11). In addi-
tion, notice that the first term inside the brackets pro-
duces the same result as in the prior case. Hence when
the final state of the quantum field is left unspecified, the
transition probability acquires new terms in addition to
the precedent contribution.
In the Eq. (11) G+(x(τ), x(τ ′)) is the exact positive-
frequency Wightman function. Since this satisfies the
homogeneous wave equation, one could implement a per-
turbative expansion in the noise field similar to the se-
ries expansion derived for the Feynman propagator. One
finds
G+(x, x′) = G+0 (x− x
′)
+
∞∑
n=1
∫
dz1Gret(x− z1)D
(n)(z1, x
′), (12)
where G+0 (x − x
′) = G+0 (t − t
′, |x − x′|) is the usual
positive-frequency Wightman function for the free scalar
field:
G+0 (x− x
′) = −
1
4π2
[
1
(t− t′ − iǫ)2 − |x− x′|2
]
, (13)
and Gret(x− z1) is the retarded Green’s function associ-
ated with the free Klein-Gordon equation. In addition,
the contributions from random fluctuations are encoded
in the quantity
D(n)(z1, x
′) = (−1)n
n∏
j=1
L1(zj)
∫
dzj+1G
+
0 (zj , zj+1),
(14)
with L1(x) being the random differential operator defined
in Eq. (10).
Finally, in the third and last situation, we wish to cal-
culate the transition probability to the final atom-field
state |Φf 〉 = |Se2〉⊗ |Fµ〉, where |Fµ〉 is as above and |S〉
is any given state of the atom 1. That is, the probabil-
ity to find the atom 2 in the state |e2〉, in other words
the whole system in any state of the form |Φf 〉. This
is obtained by a double sum over the probabilities for a
complete set of field states |Fµ〉 and for a complete set of
atomic states |S〉 of atom 1. Up to fourth order in λ and
for a given realization of the disorder, one has that
Pφi→Φf (µ) =
∑
F,S
| 〈Fe2S | e1g20µ〉 |
2 = P(µ)
+ Pφi→ψf (µ) + ∆P(µ), (15)
where
4∆P(µ) = −
λ4
16
∫ τ
τ0
dτ1
∫ τ
τ0
dτ2
∫ τ
τ0
dτ3
∫ τ
τ0
dτ4 e
iω0(τ3−τ4)e−iω0(τ1−τ2)
×
{
G+(τ1, τ2; r)G
+(τ3, τ4; r)[θ(τ2 − τ4)θ(τ3 − τ4) + θ(τ1 − τ3)θ(τ4 − τ3)]
+ G+(τ1, τ2; r)G
+(τ4, τ3; r)[θ(τ2 − τ4)θ(τ4 − τ3) + θ(τ1 − τ3)θ(τ3 − τ4)]
+ G+(τ1, τ4; r)G
+(τ2, τ3; r)
[(
θ(τ2 − τ4) + θ(τ3 − τ4)
)
θ(τ2 − τ3) +
(
θ(τ4 − τ2) + θ(τ1 − τ2)
)
θ(τ4 − τ1)
]}
−
λ4
16
∫ τ
τ0
dτ1
∫ τ
τ0
dτ2
∫ τ
τ0
dτ3
∫ τ
τ0
dτ4
{
eiω0(τ3−τ4)e−iω0(τ1−τ2)
[
G+(τ1, τ3; 0)G
+(τ2, τ4; 0)
(
1 + θ(τ4 − τ3)
)
+ G+(τ1, τ2; 0)G(τ3, τ4; 0) +G
+(τ1, τ4; 0)G
+(τ2, τ3; 0)θ(τ4 − τ3)
]
θ(τ2 − τ4)θ(τ2 − τ3) + c.c.
}
. (16)
In order to obtain such results, we used the completeness
relation for the atomic and the field states. In Eq. (15),
P(µ) is given by
P(µ) =
λ2
4
∫ τ
τ0
dτ ′
∫ τ
τ0
dτ ′′eiω0(τ
′′−τ ′)G+(τ ′, τ ′′; 0). (17)
whereas Pφi→ψf (µ) is given by Eq. (11). The r-
independent terms in Eq. (15) describe the contributions
to the transition probability that arise from the interac-
tion of each atom with the field vacuum alone. Concern-
ing our current analysis of causality effects, the relevant
terms that actually comprise the description of the im-
pact of atom 1 on atom 2 are given by all r-dependent
terms in the Eqs. (11) and (16). These are the terms
that we will duly consider in the present investigations.
A discussion on which terms are relevant in order to as-
sess the impact of atom 1 on atom 2 can also be found
in Refs. [13, 18, 36].
These last results lead to the following conclusion.
Suppose the existence of terms in the transition prob-
ability with ∆τ = τ − τ0 < r, where ∆τ is the observa-
tional time interval. This signalises an explicit violation
of causality. Yet, whenever the Wightman function is of
the form
G+(t− t′; r) = −
1
4π2
f(t− t′, r)
[(t− t′ − iǫ)2 − r2]n
, (18)
and the portion of the Feynman propagator that gener-
ates acausal effects (as discussed in the next section) is
also of a similar form, namely
GNC(t− t
′; r) =
i
4π2
f(t− t′, r)
[(t− t′)2 − r2]n
, (19)
the noncausal terms cancel each other in Eq. (15) and the
result is strictly causal (for ∆τ < r the limit ǫ→ 0 can be
taken directly in the Wightman function). In Eqs. (18)
and (19) n is a non-negative integer and f(t− t′, r) is an
even function of t− t′.
Unperturbed contributions.—Let us first discuss the
terms that would arise even in the absence of random
fluctuations of the light cone. Consider the situation in
which the final state of the system is given by |φf 〉. In-
troducing the variables ξ = τ ′ − τ ′′ and η = τ ′ + τ ′′,
expression (6) becomes
P
(0)
φi→φf
=
λ4
16
∣∣∣∣∣
∫ ∆τ
−∆τ
dξ (∆τ −|ξ|) e−iω0ξ G0(ξ, r)
∣∣∣∣∣
2
. (20)
where G0(t − t
′; r) is given by Eq. (8). When one in-
serts the expression for the free Feynman propagator in
Eq. (20), one gets two contributions for each of the double
time integrals. The contribution related with the Dirac
delta function will produce a Heaviside theta function
θ(−r +∆τ). This term is in accordance with the defini-
tion of causality given by Ref. [37]. On the other hand,
the other contribution yields a finite term for ∆τ < r.
The latter is a function proportional to 1/(ω20r
2) [in fact,
one can show that it is a combination of the trigonomet-
ric integrals Ci(ω0r), Si(ω0r) and trigonometric functions
cos(ω0r), sin(ω0r) times 1/(ω
2
0r
2)]. As previously out-
lined, this outcome has been discussed in the literature
in many papers: The dispute is on the causal behavior of
the transition probability. However, as argued by Pauli,
Stueckelberg and others [37, 38], the concept of causality
in relativistic quantum field theory has meaning only in
the wave zone ω0r ≫ 1. Hence since the anomalous term
mentioned above vanishes in the wave zone, causality as
defined above is preserved.
In the second case outlined above, the final state of
the system is given by |ψf 〉, i.e., only the final states
of the qubits are specified. Employing the same change
of variables as above and after using the usual expres-
sion for the free postive-frequency Wightman function
G+0 (t−t
′; r), we obtain three kinds of terms. One is iden-
tical to the previous result which was discussed above,
given by Eq. (20). The second term in the brackets of
Eq. (11) yields a finite contribution for ∆τ < r which
is proportional to g(ω0, r,∆t)/(ω
2
0r
2), where g(ω0, r,∆t)
can be expressed in terms of trigonometric integrals and
trigonometric functions. The last term inside the brack-
ets in Eq. (11) produces a term that reproduces identical
5outcomes discussed in Ref. [39]. In particular, such a
contribution does not depend on r and hence it does not
play a part in the analysis of the influence of atom 1 upon
the radiative processes of atom 2. In conclusion, one says
that within this setting causality is preserved in the pro-
cess of energy transfer between the atoms, as prescribed
above (i.e., only in the wave zone).
Finally, let us discuss the situation in which only the
final state of the atom 2 is specified. The insertion of the
free Green’s functions of our problem in Eq. (15) yields
three terms, two of which have the same form and behav-
ior as the previous case. The last term is related with the
contribution ∆P(µ). Since conditions (18) and (19) are
met by the Wightman function and the Feynman propa-
gator of the free scalar field, one can easily see that non-
causal terms are found to cancel each other and as such
the transition probability is strictly causal when the mea-
surement is inclusive, recovering the results of Ref. [12].
Light-cone fluctuations and causality.—Following the
aforementioned discussion, the purpose of this work is
to discuss the notion of causality in disordered media in
the framework of the well known Fermi’s problem of two-
qubits system. Here we consider all terms up to second
order in µ in the perturbative series for the Feynman
propagator and the Wightman function. In addition, we
keep terms up to order σ2 in all of our calculations after
considering the random averages.
Consider the transition to the final state |φf 〉. After
performing the averages over the noise function, one ob-
tains the following probability,
〈Pφi→φf (µ)〉µ =
λ4
16
∫ τ
τ0
dτ3
∫ τ
τ0
dτ4
∫ τ
τ0
dτ1
∫ τ
τ0
dτ2
× eiω0(τ3−τ4)e−iω0(τ1−τ2)
×
[
G∗0(τ4 − τ3; r)G0(τ1 − τ2; r)
+ G∗0(τ4 − τ3; r)I(τ1 − τ2; r)
+ G0(τ1 − τ2; r)I
∗(τ4 − τ3; r)
]
. (21)
The function I(∆t, |∆x|) (or rather its “finite-time
Fourier transform”) is the basic quantity which ulti-
mately accounts for possible causality-violation effects.
It is given by
I(∆t, |∆x|) =
6iσ2
(2π)3
[
F(∆t, |∆x|) θ(∆t)
[(∆t− iǫ)2 − |∆x|2]
5
+
F(−∆t, |∆x|) θ(−∆t)
[(∆t+ iǫ)2 − (∆x)2]5
]
, (22)
with ∆t = t− t′, ∆x = x− x′ and
F(∆t, |∆x|) = ∆t
[
5(∆t− iǫ)4 + 10(∆t− iǫ)2|∆x|2
+ |∆x|4
]
− 4(∆t− iǫ)
[
(∆t− iǫ)4 − |∆x|4
]
.
(23)
The first term in the brackets is simply the contribution
discussed above. The double time integrals of I (which
are just the leading-order disorder correction to the tran-
sition amplitudes) produce a finite term for ∆τ < r which
does not vanish in the wave zone ω0r ≫ 1:
Iφi→φf =
∫ τ
τ0
dτ1
∫ τ
τ0
dτ2e
−iω0(τ1−τ2) I(τ1 − τ2; r)
ω0r≫1−−−−→ −
iπσ2
(2π)4
ω30 sin(ω0∆τ), ∆τ < r. (24)
This result clearly shows a violation of causality even
within the wavezone. One possible interpretation is that
the arguments previously invoked on the definition of
causality simply do not apply in the presence of light-cone
fluctuations. However by considering transition proba-
bilities instead of transition amplitudes, one notices that
Iφi→φf gets multiplied by a term coming from G0 that
vanishes in the wave zone. Hence causality as perceived
by Pauli and Stueckelberg is preserved as long as one
only considers the transition probabilities.
Concerning the transition to the final state |ψf 〉, one
finds, after performing the random averages
〈Pφi→ψf (µ)〉µ =
λ4
16
∫ τ
τ0
dτ3
∫ τ
τ0
dτ4
∫ τ
τ0
dτ1
∫ τ
τ0
dτ2e
iω0(τ3−τ4)e−iω0(τ1−τ2)
[
G∗0(τ4 − τ3; r)G0(τ1 − τ2; r)
+ G+0 (τ4 − τ1; r)G
+
0 (τ3 − τ2; r) +G
+
0 (τ4 − τ2; 0)G
+
0 (τ3 − τ1; 0)
+ G∗0(τ4 − τ3; r)I(τ1 − τ2; r) +G0(τ1 − τ2; r)I
∗(τ4 − τ3; r)
+ G+0 (τ4 − τ1; r)I
+(τ3 − τ2; r) +G
+
0 (τ3 − τ2; r)I
+(τ4 − τ1; r)
+ G+0 (τ4 − τ2; 0)I
+(τ3 − τ1; 0) +G
+
0 (τ3 − τ1; r)I
+(τ4 − τ2; 0)
]
(25)
where I+(t− t′, r) = I(t− t′, r)|t−t′>0. The zeroth-order
contributions in the noise field and the terms related with
the function I(t−t′; r) have been examined above. On the
other hand, a straightforward analysis unveils that the
double time integrals over the function I+(t−t′; r) vanish
for ∆τ < r. In turn, the last terms inside the brackets
6of Eq. (25) do not depend on the distance between the
qubits. Hence causality is preserved for this transition in
the presence of weak disorder, but only in the wave zone.
The last situation that we study in this work considers
the transition to the final state |Φf 〉. After performing
the random averages, one obtains
〈Pφi→Φf (µ)〉µ = 〈P(µ)〉µ
+ 〈Pφi→ψf (µ)〉µ + 〈∆P(µ)〉µ, (26)
As previously discussed, we are considering only the r-
dependent terms from the above equation, since these are
precisely the contributions that represent the impact of
atom 1 on atom 2 with respect to the causality effects
addressed in this work.
The first term of Eq. (26) is r-independent whereas the
second term arises in the transition probability to the fi-
nal state |ψf 〉. The contribution coming from 〈∆P(µ)〉µ
is more involved. It is given by quadruple time inte-
grals of terms such as G+0 (τ1 − τ2; r)I
+(τ3 − τ4; r) +
G+0 (τ3−τ4; r)I
+(τ1−τ2; r). Such integrals engender cum-
bersome expressions which are hard to grasp in a simple
way. However, the analysis of causality follows almost
straightforward from the arguments presented above. It
is easy to see that the function I(t−t′; r) does not satisfy
the conditions (18) and (19). Hence in the presence of
disorder the probability is not strictly causal when the
measurement is inclusive. Notwithstanding, such inte-
grals will produce contributions that are proportional to
h(ω0, r,∆t)/(ω
m
0 r
m), where m is a positive integer and,
similar to the previous cases, h(ω0, r,∆t) can be writ-
ten in terms of trigonometric integrals and trigonometric
functions. Such contributions are suppressed by powers
of ω0r. Hence, if one insists in maintaining causality, one
must make use of the arguments of Pauli and Stueckel-
berg and consider the limit ω0r ≫ 1. In this way, the
terms for ∆τ < r vanish and causality is restored.
Conclusions.—There is a contentious discussion on the
causal behavior regarding the radiative processes involv-
ing two identical qubits coupled with a quantum field. In
this article we proposed to study the issue of the macro-
causality for the case in which we allow for random fluc-
tuations of the light cones. We have considered three dis-
tinct configurations, each of which portraying a different
specification of the system at the time of measurement.
In the case of a Minkowski spacetime with fixed light
cones, we recovered the usual result that states that the
macrocausality is maintained, at least up to fourth-order
in time-dependent perturbation theory. In particular,
when the final measurement is exclusively made on the
atom 2, we found that the energy transfer between the
atoms is exactly causal, that is, the transition probability
does not comprise terms with ∆τ < r. In fact Ref. [13]
demonstrates that this result holds to all orders in per-
turbation theory. On the other hand, when one considers
the system in a disordered environment, one finds that
causality has a well-defined meaning solely in the wave
zone, in all the situations studied above. In other words,
by using the reasoning developed by Pauli the usual con-
cept of causality in the presence of random fluctuations
of the light cone makes sense only when ω0r≫ 1, in the
limit of weak disorder. We conjecture that this outcome
can be extended to all orders in perturbation theory.
The typical distance r0 outside of the wave zone within
which the violation of causality can be strongly upheld
may be estimated with the following argument. For situ-
ations such that σ2ω30 ≈ ω0r0, one finds that r0 ≈ σ
2ω20 .
This gives a relation between r0 and the intensity of ran-
dom fluctuations for a given atomic energy gap. For dis-
tances such that ω0r ≫ ω0r0, the disorder effects are
weak and a perturbative series expansion in µ is thus
warrant; nonetheless violation of causality is at any rate
verified. In the wave zone ω0r ≫ 1, random fluctuations
become negligible and hence causality is retrieved.
In the context of the present investigations, one could
argue that the violation of strict causality is connected
with the unbounded nature of the Gaussian noise em-
ployed here. Indeed, it has been shown that domains in
which 1 + µ(r) < 0 lead to unstable wave modes and
consenquently the emergence of sharply growing contri-
butions to the density of states at high frequencies [40].
This in turn could be interpreted as an indication that
Gaussian noise (or more generally unbounded distribu-
tions) could blur the usual notion of causality. However,
the conservation of causality in the wave zone could be
an indication that the Pauli-Jordan function (which is
the commutator of two scalar field operators) may still
have a causal support, at least in a broader sense. On
the other hand, as discussed in the text the violation
of strict causality is connected with the parity behavior
of the Wightman function and the Feynman propagator
as functions of ∆τ for ∆τ < r. Inspection of the per-
turbative expansion for both of these Green’s functions
and simple use of Fourier transforms show that there
is a strong evidence that a delta-correlated disorder in
both space and time could drastically alter the conclu-
sions of this work. Namely, in this case we expect such
Green’s functions with uncorrelated random fluctuations
in space-time to comply with the conditions (18) and (19)
and in this way strict causality could be warranted when
the measurement is inclusive.
The discussion of the latter paragraph implies that vi-
olation of strict causality in our study might be restricted
to the class of uncorrelated noises in space. More general
situations, still within unbounded distributions, produce
distinct upshots. In turn, it is not clear a priori how
bounded fluctutations of the light cone could lead to sim-
ilar violations of causality. It is known that the smearing
of the light cone modifies virtual processes; since wave-
zone effects are manifestations of real photons whereas
near-field processes are a result of a collection of real
and virtual photons effects, one could expect substantial
changes in the orthodox picture. This is an important
7question but lies outside of the scope of the present work.
This issue will be reserved for future publications.
An invaluable extension of our results would be to as-
certain the above conclusions for the case of quantum
fluctuations of the light cone. It would be of particular
interest to confront the conclusions and interpretations
in both situations. An akin situation would be to con-
sider the role of a spacetime foam in the radiative pro-
cesses of the Fermi two-atoms problem [41]. It is known
that restrictions on the measurability of spacetime dis-
tances seem to emerge quite naturally in a framework
which properly takes into account both quantummechan-
ical and general-relativistic effects [42]. This is expected
to modify our current understanding on the concept of
causality within Fermi’s set up. Such subjects are under
investigation by the authors.
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